As global climate change has a large effect on the carbon cycle of forests, it is very important to understand how forests in climate transition regions respond to climate change. Specifically, the LPJ-GUESS (Lund-Potsdam-Jena General Ecosystem Simulator) model was used to simulate net ecosystem productivity (NEP) and soil heterotrophic respiration (Rh) dynamics of two forest ecosystems of different origins between 1951 and 2100, to quantitatively analyze the carbon source and sink functions and potential changes in soil carbon dynamics in arid and humid regions under future climate change, simulate the dynamics of forest net primary productivity (NPP) under different climatic factors, and analyze the sensitivity of forests in arid and humid regions to temperature, precipitation, and carbon dioxide (CO 2 ) concentration. We found that: (1) in both the historical and future periods, the average NEP of both studied forests in the humid region was larger than that in the arid region, the carbon sink function of the humid region being predicted to become stronger and the arid zone possibly becoming a carbon source; (2) between 1951 and 2100, the forest soil Rh in the arid region was lower than that in the humid region and under future climate change, forest in the humid region may have higher soil carbon loss; (3) increasing temperature had a negative effect and CO 2 concentration had a positive effect on the forests in the study area, and forests in arid areas are more sensitive to precipitation change. We believe our research could be applied to help policy makers in planning sustainable forest management under future climate change.
Introduction
Since the industrial revolution, atmospheric CO 2 concentration has increased from 280 ppmv before the industrial revolution to 400 ppmv at present, and the global average surface temperature has increased by 0.85 • C [1]. As the main body of terrestrial ecosystems, forests play a very important role in the global terrestrial carbon cycle and in maintaining the global terrestrial ecosystem carbon balance [2] . Therefore, given the predicted continuous climate change over the next 100 years, it is important to investigate the effects of climate conditions on forest ecosystems. However, previous studies on the impact of climate change on the carbon cycle of forest ecosystems have mainly focused on single climatic zones [3] [4] [5] , while forest ecosystems located in different climatic zones are likely to respond differently to climate change. In China, since the 1990s, the average temperature has increased at a rate carbon sequestration of forest soil in semi-arid and humid areas, and the response mechanism of forest ecosystems to changes in temperature, precipitation, and CO2 concentration.
Materials and Methods

Study Area
The study area is in Shaanxi Province, China (31°42'-39°35' N, 105°29'-111°15' E) ( Figure 1 ), which is located in the transition zone between the southern humid climate zone and northern arid climate zone and has a continental monsoon climate overall. From south to north the climatic types found in this area are subtropical humid climate, warm temperate humid climate, and temperate arid climate, with great differences between the north and south. Within our study Shaanxi Province was divided into three geographical units, according to topography, hydrology, climate, and other factors from north to south, named Northern Shaanxi Plateau (NSX), Guanzhong Plain (MSX), and Southern Shaanxi Mountains (SSX) [10] . The average annual temperature in the study area is 8-16 °C, of which the temperatures in SSX, MSX, and NSX are 14-16 °C, 12-13 °C, and 8-l0 °C, respectively. The annual average precipitation increased from north to south; precipitation was 964.6 mm in SSX, 590.4 mm in MSX, and 461.7 mm in NSX, with total precipitation of 320-1400 mm for the entire study area. Due to the unique climate and geographical conditions, a temperate grassland zone, warm temperate deciduous broad-leaved forest zone, and subtropical evergreen broad-leaved forest zone appear successively from north to south in Shaanxi Province [10] . Robinia pseudoacacia has become the main tree species in afforestation and has the largest plantation area in Shaanxi Province because of its developed root system, rapid growth, drought tolerance, barren tolerance, and high survival rate. Quercus L. (Quercus wutaishanica being the dominant species) has a well-developed root system, cold and drought tolerance, strong adaptability, and a wide distribution area in Shaanxi Province, being an important natural vegetation type in this area. R. pseudoacacia and Q. wutaishanica are the representative tree species of artificial forests and natural secondary forests in Shaanxi Province, accounting for 30.7% and 63.0%, respectively, of the carbon reserves in plantations and natural secondary forests in Shaanxi Province [20] . Small changes in their carbon sequestration may cause large carbon fluctuations in Shaanxi Province. Therefore, Q. wutaishanica and R. pseudoacacia forests were selected as the research subjects to study the carbon cycle in arid and humid regions. 
Modeling Forest NPP
LPJ-GUESS is a multi-scale dynamic process model for simulating ecosystem structure and function; it can perform simulations on a variety of scales, including patches, landscapes, regions, and even global scale simulations. The simulation process is carried out in plant functional types (PFTs) or species. Sitch et al. described the simulation scheme of the LPJ-GUESS model [21] . In this study, we used model version 3.0, which is an updated version that includes the interaction between the atmospheric nitrogen cycle and carbon cycle, completely described by Smith et al. [17] . The model requires multiple data inputs, including monthly mean climate data (temperature, precipitation, and cloud cover), atmospheric CO 2 concentration, and soil texture.
The historical monthly precipitation and average temperature data used in this study were taken from the CRU TS 3.23 data set (1951-2014) [22] , and predicted future values (2015-2100) were generated by the NorESM1-M, GFDL-ESM2M, and BCC-CSM1.1-M models of 28 general circulation models (GCMs) in the Coupled Model Intercomparison Project Phase 5. Due to the low resolution of the historical and future climate data obtained, this study was based on 1 km resolution climate data compiled by the China National Ecosystem Research Network (CNERN), and used the delta downscaling method to generate high resolution (1 km) climate data in the study area. Peng et al. gave a complete description of the downscaling process [23] .
Furthermore, soil texture data was obtained from the Food and Agriculture Organization soil dataset [21] , and the CO 2 concentration from 1951 to 2100 was obtained from the representative concentration path (RCP) database. Differences among tree species were distinguished by different physiological and phenological parameters. The physiological and ecological characteristics of Q. wutaishanica and R. pseudoacacia were parameterized according to previous studies [17, 21] and our own field investigations.
Simulations generally start from bare ground. When the initial conditions of each plot cannot be obtained (e.g., carbon and nitrogen pools of the ecosystem in the initial simulated year), spin-up is used to establish the initial conditions. In this study, the climate data from 1951 to 1980 were used as spin-up input data to repeatedly create simulations, so that the vegetation, litter, soil carbon, nitrogen pool, and their climatic conditions in the simulated area reached dynamic equilibrium.
To support the study of climate change, researchers from different disciplines and scientific communities have established a new coordinated parallel process: the representative concentration path (RCP) [24] . Among them, the RCP2.6 scenario assumes that global annual greenhouse gas emissions (measured in carbon dioxide equivalent) peak in 2010-2020, and then decrease dramatically; in the RCP4.5 scenario, global annual greenhouse gas emissions are expected to peak around 2040 and then decline gradually; in the RCP8.5 scenario emissions continue to rise throughout the 21st century. In this study, the above three RCP scenarios were used to predict the carbon cycle of forest ecosystems in arid and humid areas.
Two non-parametric methods (Mann-Kendall and Sen's slope estimator tests) were used to detect historical and future NEP trends for two forests; full details of these two methods are given in Atta-ur-Rahman and Dawood [25] . The anomaly method was also used to analyze historical and future changes in forest Rh. In addition, in order to explore the sensitivity of forests in arid and humid regions to climate change, we used NPP values from both forests from 1961 to 1990 for reference. Historical temperature, precipitation, and CO 2 concentration data were used as the main driving variables. Our previous study concluded that the maximum possible future increase of temperature in the study area was about 30% [10] , and the average atmospheric CO 2 concentration in the future (510 ppmv) [1] will be about 30% higher than the current atmospheric CO 2 concentration (380 ppmv). To measure the variables uniformly, we set the maximum increase of the three indicators of sensitivity analysis as 30% and compared them with the current value 0% and the intermediate value 15%. Therefore, each driving variable was divided into three levels (+0%, +15%, and +30%), and 26 climate combination scenarios were defined. We also used the anomaly method to analyze the NPP changes of both forests under different climate combination scenarios. 
Model Validation
The applicability of the LPJ-GUESS model in simulating the NPP of R. pseudoacacia and Q. wutaishanica in Shaanxi Province was validated by NPP values based on fieldwork undertaken from 2001 to 2010. From July 2015 to August 2016, we conducted a survey of the study area ( Figure 1 and Supplementary Materials Table S1 ). We recorded the diameter at breast height (DBH) and height of trees with DBH > 8 cm and measured the stand density in 30 × 30 m plots. In each plot, trees without obvious signs of damage were selected to take core samples at DBH, and 10-15 samples were obtained from each plot. Furthermore, leaf, branch, stem, and fine root samples were collected from selected healthy trees and sealed in plastic bags to estimate the carbon content in each organ.
In the laboratory, cores were glued to the sample groove with white latex, dried for 24 h, and polished with fine sandpaper; then all tree rings were marked, and the width of each ring was measured using a stereomicroscope (Olympus VM-31, Tokyo, Japan). The collected organ samples (i.e., leaves, branches, stems, and fine roots) were dried to a constant weight in an oven at 80 • C to obtain the dry weight of each organ sample; then, these dried organ samples were ground and the carbon content of each organ was determined with an elemental analyzer (Carlo Erba 1106, Milan, Italy). The annual carbon content of each tree in the sample plot was calculated by the annual average tree ring width, the allometric growth equation (Supplementary Materials Table S2 ) between the biomass of each organ and DBH, and the carbon content of each organ measured in the laboratory. Then, the forest carbon biomass of the plot was calculated by the carbon biomass of each tree and the tree density of the plot. Although the simulated NPP of each forest was slightly greater than the field based NPP in the study area, these differences were not significant ( Figure 2 ). Therefore, we considered the simulation results of the LPJ-GUESS model for NPP to be reliable. combination scenarios were defined. We also used the anomaly method to analyze the NPP changes of both forests under different climate combination scenarios.
In the laboratory, cores were glued to the sample groove with white latex, dried for 24 h, and polished with fine sandpaper; then all tree rings were marked, and the width of each ring was measured using a stereomicroscope (Olympus VM-31, Tokyo, Japan). The collected organ samples (i.e., leaves, branches, stems, and fine roots) were dried to a constant weight in an oven at 80 °C to obtain the dry weight of each organ sample; then, these dried organ samples were ground and the carbon content of each organ was determined with an elemental analyzer (Carlo Erba 1106, Milan, Italy). The annual carbon content of each tree in the sample plot was calculated by the annual average tree ring width, the allometric growth equation (Supplementary Materials Table S2 ) between the biomass of each organ and DBH, and the carbon content of each organ measured in the laboratory. Then, the forest carbon biomass of the plot was calculated by the carbon biomass of each tree and the tree density of the plot. Although the simulated NPP of each forest was slightly greater than the field based NPP in the study area, these differences were not significant ( Figure 2 ). Therefore, we considered the simulation results of the LPJ-GUESS model for NPP to be reliable. We compared the measured NEP values of R. pseudoacacia and Q. wutaishanica in published literature with our simulated values in the same year to verify the applicability of the LPJ-GUESS model ( Table 1) . As NEP fluctuates greatly between years, Table 1 is only the measured value of individual years. Although the measured values differed from the simulated values, the measured We compared the measured NEP values of R. pseudoacacia and Q. wutaishanica in published literature with our simulated values in the same year to verify the applicability of the LPJ-GUESS model ( Table 1) . As NEP fluctuates greatly between years, Table 1 is only the measured value of individual years. Although the measured values differed from the simulated values, the measured values were in the fluctuation range of the simulated values. Therefore, considering the factors, the simulated value was basically in agreement with the measured value. The LPJ-GUESS model could accurately simulate the NEP of R. pseudoacacia and Q. wutaishanica in the study area. Furthermore, in numerical terms, Rh = NPP−NEP, thus the LPJ-GUESS model could simulate forest ecosystem Rh on the basis of validating forest NPP and NEP. 
Results
Net Ecosystem Productivity
Historically, plantations and natural secondary forests in the arid and humid regions were characterized as carbon sinks, with a more powerful carbon sink function in the humid regions (Table 2 ). However, under the three RCP scenarios, the average NEPs of R. pseudoacacia and Q. wutaishanica forests in arid regions were predicted to range between 5.8-78.3 g C m −2 yr −1 and 30.2-63.1 g C m −2 yr −1 , respectively, and the average NEPs in humid regions were predicted as 78.5-124.9 g C m −2 yr −1 and 83.9-131.2 g C m −2 yr −1 , respectively. Therefore, in the future, we expect the carbon sink function of humid forests to increase, and that of arid forests to decrease, possibly becoming a carbon source ( Table 2 , Figures 3 and 4 ). In addition, we also found that the average NEP of the two forest types was predicted as 5.8-78.3 g C m −2 yr −1 in arid areas and 78.5-131.2 g C m −2 yr −1 in humid regions in the future, which was increased with emission intensity. In terms of NEP trends, Q. wutaishanica forest NEP showed a downward trend under the three RCP scenarios. Among them, NSX and SSX displayed significantly downward trends under the RCP2.6 scenario, which reached 16.0 g C m −2 10 yr −1 . Q. wutaishanica forest NEP in NSX showed a larger downward trend than that in MSX and SSX. R. pseudoacacia forest NEP showed a downward trend under the RCP2.6 scenario, while it showed an upward trend under the RCP4.5 and RCP8.5 scenarios, with a significant change in the RCP8.5 scenario in NSX, which was 16.0 g C m −2 10 yr −1 . The NEP trend of R. pseudoacacia forests in the study area was greater than that of Q. wutaishanica forests under the three RCP scenarios.
Soil Heterotrophic Respiration
In both the historical and future periods, the average and anomaly values of both forests' Rh were lower in NSX than those in MSX and SSX (Table 3 ). Compared with 1961-1990, forest Rh in arid regions was predicted to increase by 30.0-47.9% in the future, while forest Rh in humid regions would increase by 39.8-77.1%, which would increase with increasing emission intensity ( Figures 5 and 6 ). Therefore, there may be more carbon loss from forest soils in humid regions in the future. In addition, different forest ecosystems have different Rh increments. Specifically, both historically and in the future, the average Rh value of Q. wutaishanica forests was higher than that of R. pseudoacacia forests, but the anomaly values of R. pseudoacacia forests in NSX were larger than those of Q. wutaishanica forests in the future period. 
Sensitivity of NPP to Temperature, Precipitation, and CO 2 Concentration
This study used the simulated values from 1961 to 1990 as the comparison baseline (C1P1T1 scenario) to study the sensitivity of forest NPP to climate factors and CO 2 concentration in arid and humid regions (Tables 4 and 5 ). In NSX, the R. pseudoacacia and Q. wutaishanica forest NPP increased by 13.0-18.4% and 7.2-30.4% respectively, by increasing precipitation alone, and NPP increased by 20.5-27.7% and 18.0-31.3%, respectively, by increasing CO 2 concentration alone. Precipitation was the main limiting factor for forest NPP growth in low-level scenarios +15%, and in high-level scenarios +30% the NPP showed a relatively intense response to atmospheric CO 2 concentration. Meanwhile increasing temperature alone had a negative effect on R. pseudoacacia and Q. wutaishanica forest NPP, which decreased by 11.4-29.0% and 2.7-20.7%, respectively. In MSX and SSX, when considered independently, increasing temperature would decrease forest NPP, and CO 2 concentration would increase forest NPP; the response of forest NPP to precipitation is less intense. The NPP of R. pseudoacacia and Q. wutaishanica forests would increase by 1.2-7.9% and −0.7-6.9%, respectively. When considering factors in combination, forest NPP values in both arid and humid areas were most sensitive to different combinations of precipitation and CO 2 concentration. NPP of R. pseudoacacia and Q. wutaishanica forests increased by 18.1-51.9% and 7.8-53.0% (in C2P2T1, C2P3T1, C3P2T1, and C3P3T1 scenarios), respectively. Moreover, the response of forest NPP to the combination scenario of precipitation and CO 2 concentration was more intense in arid areas. Simultaneously, NPP of R. pseudoacacia and Q. wutaishanica forests changed by −3.6-36.6% and 5.6-41.2%, respectively, in NSX and changed by −17.0-23.7% and -19.5-11.6%, respectively, in MSX and SSX with simultaneous changes in temperature, precipitation, and CO 2 concentration (in C2P2T2, C3P2T2, C2P3T2, C2P2T3, C3P3T2, C2P3T3, C3P2T3, and C3P3T3 scenarios). These values were lower than forest NPP values only considering the increases in precipitation and CO 2 concentration.
Discussion
Sensitivity of Forests to Precipitation, Temperature, and CO 2 Concentration
In this study, we selected two forest ecosystems of different origins to assess the sensitivity of forests to temperature, precipitation, and CO 2 concentration in different climatic zones, by quantifying the contribution of these climatic factors to forest NPP.
Our research showed that increased precipitation had a great positive effect on NPP in the arid region, which is attributed to increased precipitation supplementing soil water content, reducing water stress caused by excessive transpiration, and increasing stomatal conductance, thus increasing forest CO 2 intake and NPP. Forest growth was also observed to be more sensitive to precipitation change in arid and semi-arid areas such as the south of the United States, Central Asia, the south of South America, the south of Africa, and Australia [27] , and in temperate semi-arid areas of the southern hemisphere [28] than in humid areas, which is attributed to the precipitation increase, reducing NPP by decreasing radiation input, increasing nutrient leaching, or reducing the soil oxygen availability when soil moisture can already support forest growth [29] . Specifically, high rainfall decreases decomposition rates of soil organic matter because the slow diffusion of oxygen through water-filled soil pores cannot match aerobic demand by roots and microbes. While oxygen limitation did not appear to affect plant growth directly, slower decomposition rates decrease nutrient availability and limit the supply of nutrients for plant growth [30] .
Considering solely the temperature increase, forest NPP decreased in both arid and humid regions. Temperature-related forest NPP reduction is mainly due to water stress caused by high evapotranspiration and reduction of stomatal conductance to reduce CO 2 uptake [31, 32] , although increasing temperature can also increase NPP by prolonging the growing season [33] . When the temperature continues to increase, forest NPP may even be lower than the base period, at which time the reduction of NPP caused by temperature cannot be compensated for by increasing precipitation and the fertilization effect of CO 2 (the C2P2T3 and C2P3T3 scenarios in MSX and SSX). However, this conclusion may not be suitable for forest ecosystems in middle and high latitudes and high altitudes. Previous studies have shown that the sensitivity of forest NPP to temperature is higher with the increase of future temperature in the northwest of the United States [27] , and forest NPP increases with increasing temperature in the Tianshan and Qilian Mountains of China [13, 14] . This difference should be attributed to the fact that temperature is the main factor limiting forest growth in the middle and high latitudes and high altitudes. Temperature rise can promote forest photosynthesis in these areas, which is one of the important processes in NPP growth. Photosynthesis response to temperature can be described as a parabola around the best temperature value. Below this temperature, photosynthesis increases with the increase of temperature, and above this temperature, photosynthesis decreases with the increase of temperature owing to the decrease of stomatal conductance and transpiration. In addition, our simulation may neglect the possible thermal adaptation of plants (in terms of respiration and photosynthesis). The thermal adaptation of forest photosynthesis may have a greater impact [34, 35] .
In the LPJ-GUESS model, there is a linear relationship between the concentration of CO 2 inside and outside plant cells. The CO 2 concentration inside plant cells increases with increasing CO 2 concentration outside plant cells; therefore, when the CO 2 concentration outside the plant cell increases, carbon assimilation will also increase. In this study, increasing CO 2 concentration alone had a positive effect in all three subregions. This result is different from previous studies. One study found that forest NPP increased by only about 2.7% under increased CO 2 concentration alone (from 355 to 710 ppmv) [13] , and another study found that forest NPP declined under a 12-year sustained CO 2 fertilization experiment (maintained at 550 ppmv) [36] . These differences may be attributed to the fact that the CO 2 concentration used in this study did not reach the critical point of intracellular carboxylation reaction, i.e., we increased CO 2 concentration by a maximum of 30% on the basis of the historical period, to about 494 ppmv.
Soil Heterotrophic Respiration
At present, many studies have shown that future climate change will promote soil heterotrophic respiration [37, 38] . The results of this study showed that future climate change under three RCP scenarios had a positive effect on forest soil heterotrophic respiration in arid and humid regions, which is consistent with previous studies. In our previous work, the temperature and CO 2 concentration in arid and humid regions changed significantly under three RCP scenarios, but precipitation did not change significantly [10] . Therefore, the increase of soil heterotrophic respiration under future climate change can be attributed to the increased temperature promoting microbial activity, which could increase the decomposition rate of soil organic matter carbon [39] . Additionally, the CO 2 increase can introduce more decomposition substrates for underground carbon pools [40] .
In addition, our study also found that soil Rh in arid areas was lower than that in wet areas. In LPJ-GUESS, the key factors affecting Rh are soil temperature and soil moisture, which affect Rh intensity by affecting the decomposition rate of the litter and soil organic carbon pools [40] . Therefore, the above phenomenon can be attributed to the fact that the lower soil moisture in arid regions limits the diffusion of organic matter in the soil, resulting in matrix limitations [41] . Furthermore, the high temperature and low humidity environment is not conducive to the growth and reproduction of soil microorganisms, which reduces both the microbial biomass and microbial activity [42] , thus reducing the decomposition rate of soil organic carbon, resulting in a smaller Rh. Additionally, studies have shown that atmospheric nitrogen deposition can significantly reduce soil Rh in temperate forests, which is attributed to the decrease of soil microbial biomass and litter decomposition rate after high level of nitrogen deposition [43, 44] . Contrastingly, other studies have come to the opposite conclusion, which is attributed to the increase of soil microbial biomass and activity, followed by the increase of soil Rh [45] . In this study, the increase of soil Rh with increasing climate emission intensity is not caused by one factor, but the result of multiple factors. As the study did not investigate nitrogen deposition, whether nitrogen deposition was positive or negative is uncertain, which will be the direction of our future research.
Net Ecosystem Productivity
Theoretically, when the ecosystem is in the mature stage, i.e., the climax community, it is in equilibrium with both the climate and the soil, and the carbon balance should be approximately zero. However, when the environment changes, for example climate change or elevated atmospheric CO 2 , the carbon balance of the ecosystem can be lost [46] . Therefore, it is helpful to understand the uncertainty of carbon sources and sinks in future forest ecosystems by studying the dynamics of forest NEP under climate change with long time series. In this study, our simulation results showed that, in the arid area, forest NEP will decrease, and forests may become a carbon source in the future. This may be mainly attributed to the lower soil moisture content in the arid area, as potential evapotranspiration in this region is greater than precipitation. Contrastingly, in the humid area, forest NEP will increase, and forests will become a larger carbon sink in the future, which is attributed to the water and heat state in this area being more suitable for forest growth, as well as the effect of atmospheric nitrogen deposition being more apparent in humid regions [47] . Our results also show that forest NEP increases with the increase of emission intensity in future climate change, which may be attributed to higher CO 2 concentration in high emission intensity, because forest NPP is most sensitive to increases in CO 2 concentration, which only provides more organic carbon for the forest's underground carbon pool but does not directly promote soil Rh. In addition, our results suggest that rising temperature has a negative effect on forest NPP, but this negative effect may be offset by CO 2 fertilization under future climate change. As the NEP of forest ecosystems depends on the relationship between NPP and Rh growth ratio under future climate change, when the NPP growth ratio is larger than Rh, the ecosystem is a carbon sink. Conversely, when the NPP growth ratio is smaller than Rh, the ecosystem is a carbon source, and the greater the difference between the two ratios, the greater the change of NEP. Therefore, the factors affecting NPP and Rh discussed in Sections 4.1 and 4.2 can indirectly affect the interannual variation of forest NEP. In other words, the interannual change of forest NEP is the result of the combined action of temperature, precipitation, CO 2 concentration, and other factors. In the above discussion, we focus only on the main factors that affect NEP in different climatic regions under climate change.
In addition to the above factors, atmospheric cloud cover and atmospheric diffuse radiation may play important roles in the annual changes of forest NEP [48] [49] [50] . First, the atmospheric clouds and aerosols can change the spectral composition of solar radiation and increase the proportion of blue light [51, 52] ; second, the increased clouds and aerosols can reduce direct radiation, reduce the light saturation frequency of photosynthesis in the forest canopy, and make the canopy more sensitive to radiation changes [53] ; finally, diffuse radiation can penetrate the forest canopy more effectively and increase the total photosynthesis of the ecosystem [54] .
Uncertainty Analysis
The ecosystem model we used has multiple uncertainties. As an example, in the LPJ-GUESS model, the equation for simulating root respiration is:
where C is the carbon mass of roots and C:N is the constant ratio of carbon and nitrogen of roots (C:N = 29); g is a dimensionless temperature response function. However, previous studies have shown that under drought conditions, the root system is affected by photosynthesis and reduces respiration [55, 56] , which is not reflected in the LPJ-GUESS model. In addition, the LPJ-GUESS model only simulates the impact of climate on vegetation, but ignores the feedback of vegetation on climate, which will bring great uncertainty to the research. These limitations within models such as our own may aggravate or mitigate the impact of climate factors on vegetation dynamics and may affect the accuracy of simulations [57] . Therefore, overcoming these limitations is the next direction in which ecosystem process models should be developed. However, as this study focuses on the differences of the carbon cycle in forest ecosystems between different climatic zones, we considered the conclusions of this study to be reasonable despite these limitations.
Conclusions
In conclusion, a process-based LPJ-GUESS model was used to study the carbon source and sink function, potential changes in soil carbon dynamics and their sensitivity to climate factors, and CO 2 concentration of forest ecosystems in typical arid and humid regions under historical and future climate conditions using three carbon cycle indices (NEP, Rh, and NPP). Specifically, in the historical period, the forests in the study area were all carbon sinks, while in the future, these sinks became stronger in forests in humid regions, but forests in arid regions became weaker carbon sinks with the potential to become carbon sources. Additionally, the forest NEP in the whole study area was predicted to increase with increasing emission intensity. Moreover, soil Rh in arid regions was lower than that in humid regions in both the historical and future periods, and soil Rh is predicted to increase with increasing emission intensity across the whole study area. Therefore, there may be more carbon loss in forest soils in humid regions under future climate change. In addition, our study also found that the increasing temperature would decrease NPP, and increasing CO 2 concentration would decrease NPP in the study area (under C1P1T2 and C1P1T3 scenarios, the NPP of R. pseudoacacia and Q. wutaishanica forests would decrease by 7.6-29.5% and 2.7-33.2%, respectively, and under C2P1T1 and C3P1T1 scenarios, the NPP of R. pseudoacacia and Q. wutaishanica forests would increase by 7.2-45.9% and 4.0-31.3%, respectively), and when considering different combinations of those factors, NPP of both forests is most sensitive to a combination of precipitation and CO 2 concentration (under C2P2T1, C2P3T1, C3P2T1, and C3P3T1 scenarios, the NPP of R. pseudoacacia and Q. wutaishanica forests would increase by 18.1-51.9% and 7.8-53.0%, respectively). We believe our research could be applied to help policy makers in planning sustainable forest management under future climate change.
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